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The deregulation of the sonic hedgehog (shh) signaling pathway in epidermal keratinocytes is a primary event
leading to the formation of basal cell carcinoma (BCC). The mechanisms by which this pathway exerts this effect
remain largely undeﬁned. We demonstrate that overexpression of shh in HaCaT keratinocytes grown in organotypic
cultures induced a basal cell phenotype, as evidenced by their morphology, trans-epithelial staining of cytokeratin
14, and suprabasalar proliferation. Shh also induced keratinocyte inﬁltration into the underlying collagen matrix.
Constitutive shh expression was associated with increased phosphorylation of the epidermal growth factor re-
ceptor (EGFR) as well as jnk and raf. Additionally, levels of c-jun and matrix metalloproteinase-9 (MMP-9) protein
were elevated in shh-expressing cells. Inhibition of EGFR activity with either the tyrphostin, AG1478, or blocking
receptor–ligand interaction with the monoclonal antibody, C-225, blocked matrix inﬁltration. In contrast, ex-
ogenously supplied EGF significantly augmented the invasiveness of the HaCaT cells. These observations provide
insight into the impact of deregulated shh on epidermal homeostasis. The ﬁndings further suggest that an intact
EGF signaling axis cooperates with shh and is a critical mediator of matrix invasion in a tumor type characterized
by disrupted shh.
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Non-melanoma skin cancer is the most frequently diag-
nosed form of cancer in the US and basal cell carcinoma
(BCC) constitutes more than 75% of these neoplasms
(Diepgen and Mahler, 2002). Consistent evidence has es-
tablished the importance of the sonic hedgehog (shh) path-
way in the development of BCC (Dahmane et al, 1997;
Kallassy et al, 1997; Wicking et al, 1997; Ruiz i Altaba,
1999). Shh is a 45 kDa protein that undergoes auto-
proteolysis into a secreted, biologically active 20 kDa pro-
tein. The shh receptor, patched (ptc), normally functions to
inhibit shh signaling. Binding of shh relieves the inhibition by
ptc, allowing for transduction to continue through smooth-
ened (smo) and a multiprotein complex in the cytosol, con-
taining fused, suppressor of fused, and costal-2 (Robbins
et al, 1997; Bale and Yu, 2001). The downstream transcrip-
tion factors, gli-1, -2, and -3, are also associated with the
multi-protein complex in the cytosol. Binding of shh to ptc
allows for the movement of the gli’s into the nucleus and
transactivation of downstream shh-responsive genes. All
three of the gli’s bind to the same DNA (Kinzler and Vogel-
stein, 1990; Ruppert et al, 1990).
The loss of ptc leads to subsequent increased expres-
sion of smo, shh, and gli-1, and gli-2 in the majority of BCC
(Dahmane et al, 1997; Kallassy et al, 1997; Green et al,
1998). This was further verified through the development of
shh, gli-1, and gli-2 transgenic mice, which all developed
features similar to BCC (Fan et al, 1997; Grachtchouk et al,
2000; Nilsson et al, 2000). Ptc þ / mice developed spon-
taneous follicular neoplasms resembling trichoblastomas,
and upon UV or IR treatment the ptc þ / mice developed
tumors resembling BCC (Aszterbaum et al, 1999).
Despite recent studies elucidating the involvement of gli-
1 in upregulation of bcl-2 and the known involvement of shh
in the pathogenesis of BCC, little is understood about the
potential involvement of this signaling pathway in the reg-
ulation of epidermal homeostasis (Bigelow et al, 2004).
These issues were addressed in shh-transfected HaCaT
cells, a non-tumorigenic human epidermal keratinocyte cell
line, grown in organotypic raft culture.
Results
Generation of shh-expressing HaCaT keratinocytes In
order to observe the effect of shh on keratinocyte differen-
tiation and proliferation, a shh mammalian expression con-
struct under the control of the splenic focus-forming virus
LTR was transfected into the HaCaT keratinocyte cell line
(Boukamp et al, 1988). Stable shh and vector control
transfectant clones were selected using neomycin resist-
ance and stable expression of shh was confirmed using RT-
PCR (Fig 1). The shh 2.1, 2.2 and 1.1 lines had higher levels
of shh compared with vector control cells (Fig 1). Expres-
sions of downstream mediators of shh signaling were also
assessed using RT-PCR including ptc, gli-1, and gli-3 (data
Abbreviations: BCC, basal cell carcinoma; EGFR, epidermal
growth factor receptor; MMP, matrix metalloproteinase; shh, sonic
hedgehog
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not shown). All of the cell lines analyzed, including vector
control, expressed ptc. Gli-2 was not expressed at detect-
able levels.
Shh induces features of basal keratinocytes in HaCaT
organotypic cell cultures. To generate organotypic raft cul-
tures, shh and vector control HaCaT cells were grown to
confluency on a matrix of collagen and fibroblasts. Shifting
the raft to the air–media interface induces the keratinocytes
to stratify in a manner similar to normal epidermis. Organ-
otypic, ‘‘raft’’, cultures thereby serve as an in vitro model for
human skin. This model enables the impact of exogenous
growth factors or genetic alterations on keratinocyte home-
ostasis and transformation to be directly assessed in vitro.
The vector control and HaCaT shh 2.2 keratinocytes were
grown in organotypic cultures for 2.5 wk and then routinely
processed for light microscopy. Morphologically, the HaCaT
vector control cells and shh cells were able to form a strat-
ified epithelium that resembled normal epidermis (Fig 2a, b).
But keratinocytes comprising the shh cultures, in general,
retained their cuboidal morphology despite stratification
whereas vector control cultures exhibited distinctly squa-
moid superficial layers. The cells began to differentiate as
they stratified and became more flattened as they moved
toward the granular layer (Fig 2a, b).
Immunohistochemical analysis of the raft cultures dem-
onstrated that cytokeratin 14 (K14) was localized to the
basal layers of vector control raft cultures and was
undetectable in the more superficial strata (Fig 2c). This
distribution is similar to normal epidermis. In marked con-
trast, K14 exhibited full thickness and high levels of ex-
pression in shh HaCaT raft cultures (Fig 2d). There were no
significant differences between vector control and shh raft
cultures in the distribution of suprabasalar cytokeratin 1
(data not shown). Proliferative keratinocytes are normally
confined to the basal layer of the epidermis. Nuclear Ki67 (a
standard immunohistochemical marker of proliferation) pos-
itivity was confined to the basal layer of HaCaT vector con-
trol raft cultures (Fig 2e). Ki67 positive keratinocytes were
not increased numerically in shh raft cultures; however,
again in marked contrast to vector control rafts, they were
Figure 1
Overexpression of sonic hedgehog (shh) in HaCaT keratinocytes.
RNA from HaCaT Neo and shh clones 2.1, 2.2, and 1.1 were extracted
and used for RT-PCR to assess transcript levels of shh and GAPDH. A
no RT negative control was performed for each reaction. The shh-
transfected clones show significantly higher levels of shh transcript.
Figure 2
Sonic hedgehog (shh) overexpression
in HaCaT keratinocytes induces a basal
cell phenotype in organotypic raft cul-
ture. HaCaT Neo (a, c, e) and shh 2.2
(b, d, f ) rafts were grown for 2 1/2 wk
and processed for light microscopy using
hematoxylin and eosin staining (a, b), K14
(c, d ) and Ki-67 (e, f). Shh overexpression
induces a basal cell phenotype as evi-
denced by trans-epithelial staining of K-
14, positive Ki67 cells interspersed
through all layers of the raft and a failure
of the keratinocytes to become differen-
tiated as seen in vector control. Note that
the fibroblasts in the shh raft are localized
immediately subjacent to the keratin-
ocyte/collagen border, in contrast to vec-
tor control rafts.
458 BIGELOW ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
observed in all epithelial strata (Fig 2f ). Thus, the enforced
shh expression in HaCaT cells grown in organotypic culture
is associated with several morphologic and biochemical
features characteristic of basal epidermal keratinocytes.
Additionally, there was a distinct difference in the ap-
pearance and distribution of stromal fibroblasts in the or-
ganotypic cultures of vector control and shh HaCaT cells.
Fibroblasts exhibited typical spindle cell morphology and
were evenly distributed within the collagen matrix in vector
control cultures (Fig 2a, c, and e). In contrast, fibroblasts in
the shh rafts were, by comparison, consistently more
‘‘plump’’ in appearance and localized immediately subja-
cent to the overlying keratinocyte layer (Fig 2b, d, and f ). In
that Ki67 positive fibroblasts were uncommon in both vector
control and shh raft cultures, this observation is likely not
attributable to differences in rates of fibroblast proliferation.
Shh induces an inﬁltrative phenotype Focally the shh
keratinocyte layer exhibited apparent matrix infiltration
(Fig 3a). This was never observed in rafts generated from
vector control cells. Consistent with active matrix infiltration,
immunohistochemical evaluation of shh rafts demonstrated
an increase in the number of Ki67 positive keratinocytes
associated with the leading edge of keratinocyte infiltration
(Fig 3b). Additionally, matrix metalloproteinase (MMP-9) was
upregulated at the leading edge of shh keratinocyte rafts
consistent with active matrix degradation (Fig 3c).
The epidermal growth factor (EGF) pathway has been
shown to induce invasion in a number of different cell sys-
tems including human skin organ culture (Hudson and
McCawley, 1998; Moon et al, 2001). Western blot analysis of
protein lysates from raft culture revealed that the shh rafts
exhibited consistently higher levels of EGF receptor (EGFR)
phosphorylation on serine 845 and 1068 of EGFR (Fig 3d).
Additionally increased phosphorylation of raf was consist-
ently observed in shh raft cultures (Fig 3d ).
The AP-1 family of transcription factors is a large family
of proteins that become activated by several mechanisms,
one of which is through EGFR signaling. We assessed the
steady-state levels of AP-1 family member proteins by
immunoblotting raft cell lysates. c-Jun protein was ex-
pressed at consistently higher levels in shh rafts compared
with vector control (Fig 3d ). Together, these observations
suggest that shh may induce matrix infiltration through
EGFR signaling, leading to downstream activation of
AP-1.
Inhibition of EGF signaling blocks shh-associated ma-
trix inﬁltration In order to evaluate the interaction of shh
and EGFR signaling pathways in more detail, we treated the
rafts with the EGFR inhibitor, AG1478. AG1478 functions by
selectively binding to the ATP binding pocket of the EGF
receptor, inhibiting its ability to autophosphorylate. MTT as-
says were used to assess cell growth inhibition of HaCaT
cells in monolayer culture. Growth of shh 2.2 and 1.1 cells
was significantly inhibited (IC50¼750 and 620 nM, respec-
tively, po0.05) relative to vector control cells (IC50¼ 370
nM, po0.05). This observation is consistent with shh-as-
sociated activation of the EGF pathway.
AG1478 treatment inhibited the morphologic features of
matrix infiltration in shh raft cultures compared with non-
treated cultures (Fig 4). This was associated with reduced
Ki67 positive cells and a reduction of matrix metallopro-
teinase-9 (MMP-9) expression (Figs 5 and 6, respectively and
Fig S1a and S1c). Additionally, AG1478 treatment was also
associated with an increase in the number of cells exhibiting
caspase-3 activation (Fig 7 and Fig S1b). In contrast to these
observations, AG1478 inhibition of EGFR signaling did not
alter the full thickness expression of K14 (Fig 8), although the
pattern of expression of K14 appeared to be more heterog-
enous in intensity (Fig 8f) and was associated with increased
apoptosis after AG1478 treatment. Staining of rafts for b1-
integrin and E-cadherin showed no difference in expression
between control and shh transfectants (data not shown).
Matrigel invasion assays were performed to quantitate
the importance of EGFR signaling on matrix invasion, using
AG1478 and C-225, an EGFR blocking monoclonal anti-
body (Herbst and Hong, 2002). Absorbance reading at 590
nm was used to quantitate the inhibition of matrix invasion.
HaCaT shh 2.2 and shh 1.1 had significantly higher basal
levels of matrix invasion (po0.05) compared with vector
control cells (Fig 9). Inhibition of the EGF signaling pathway
by both AG1478 and C-225 treatment significantly reduced
the matrix invasion of shh cells (po0.05), suggesting that
activation of the EGF pathway by shh is responsible for their
infiltrative phenotype (Fig 9). These observations suggest
that activation of EGFR signaling is important for matrix in-
filtration associated with shh.
Figure 3
Sonic hedgehog (shh) overexpression induces keratinocyte invasion. Rafts that were grown for 2 1/2 wk were processed for light microscopy
with hematoxylin and eosin (a), Ki67 immunohistochemistry (b), or matrix metalloproteinase-9 (MMP-9) immunohistochemistry (c). HaCaT shh 2.2
keratinocytes invade into the underlying collagen/fibroblast matrix (a). This was associated with positive Ki67 cells in the invading edge (b) and focal
expression of MMP-9 (c). Protein lysates were taken from the raft cultures and analyzed for the antibodies shown (d). Shh overexpression induced
increased phosphorylation of the epidermal growth factor receptor on residues 845 and 1068. This was associated with increased phospho-raf, and
c-jun expression.
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Activation of EGF signaling augments matrix inﬁltration
in HaCaT keratinocytes HaCaT Neo and shh raft cultures
were treated with EGF (10 ng per mL). In vector control raft
cultures, exogenous EGF induced matrix infiltration compa-
rable to that seen in untreated shh rafts (Fig 4). EGF-treated
vector control HaCaT cells were also similar to shh raft cul-
tures in the augmentation of proliferative (Fig 5) and increased
MMP-9 expression (Fig 6). Exogenous EGF treatment also
augmented these features in shh raft cultures and increased
their infiltrative potential compared with untreated controls
(Figs 4–6). This was associated with increased mmp-9 staining
(Fig 6). The keratinocytes migrated deeply into the underlying
collagen, forming pockets of fibroblasts surrounded by kera-
tinocytes immunoreactive for cytokeratin 14 (Fig 8). Interest-
ingly, the keratinocytes surrounding the pockets were positive
for Ki67 (Fig 5). EGF treatment also reduced the expression of
the EGF receptor, as would be expected upon increased ac-
tivation of the EGF pathway due to the negative autoregulatory
loop and degradation of the receptor (data not shown).
Matrigel invasion assays were used to quantitate the im-
pact of exogenous EGF (10 ng per mL) on HaCaTcells. Upon
EGF treatment, shh 2.2 and 1.1 clones had a significantly
higher number of invasive cells compared with EGF-treated
controls, as assessed through reading the A590 (p¼0.027
for both) (Fig 10). This finding is consistent with the light
microscopic observations using organotypic raft culture.
Figure 4
AG1478 treatment inhibits the invasive
phenotype, while epidermal growth
factor (EGF) enhances invasion. HaCaT
Neo (a, d, g), sonic hedgehog (shh) 2.2 (b,
e, h) and shh 1.1 (c, f, i) rafts were grown
for 2 1/2 wk and treated without (a–c),
with 100 nM AG1478 for 4 d (d–f), or with
10 ng per mL epidermal growth factor for
7 d (g–i). HaCaT Neo forms a stratified
epithelium with a distinct basal layer and
no invasion into the underlying collagen
(a) represented by arrows. Shh 2.2 and
shh 1.1 untreated rafts show areas of sig-
nificant invasion (b, c). Treatment with
AG1478 inhibited keratinocyte invasion (e,
f), whereas treatment with EGF enhanced
invasion in both HaCaT Neo and shh lines
(gi).
Figure 5
AG1478 treatment decreases Ki67
staining in shh rafts, whereas epider-
mal growth factor (EGF) enhances Ki67
immunoreactivity. HaCaT Neo (a, d, g),
sonic hedgehog (shh) 2.2 (b, e, h), and shh
1.1 (c, f, i) rafts were grown for 2 1/2 wk
and treated without (a–c), with 100 nM
AG1478 for 4 d (d–f), or with 10 ng per mL
EGF for 7 d (g–i). Arrows point to the
stromal islands that are surrounded by
Ki67-stained cells (h, i). Ki67 is only ex-
pressed in the basal layer of HaCaT Neo-
untreated rafts (a). Shh 2.2- and shh 1.1-
untreated rafts display Ki67 positive cells
throughout the invading edge (b, c). Treat-
ment with AG1478 decreased the number
of Ki67 positive cells in the shh rafts (e, f).
Treatment with EGF enhanced Ki67 stain-
ing in both HaCaT Neo and shh lines (g–i).
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Discussion
Intracellular signaling through the shh pathway is critical to
normal epidermal homeostasis. Further, activation of this
pathway plays a critical role in the pathogenesis of non-
melanoma skin cancer and other tumor types (Fan et al,
1997; Bale and Yu, 2001; Pasca di Magliano and Hebrok,
2003). In order to assess the potential role of the shh path-
way in these processes, HaCaT keratinocytes were stably
transfected with shh. Shh overexpression induced a basal
cell phenotype in organotypic raft culture. Fibroblasts in the
dermal equivalents of the shh rafts, in contrast to vector
control rafts, were localized immediately subjacent to the
overlying keratinocyte layer. Fibroblasts play an essential
role in basement membrane formation and stratification and
growth of the epithelial cells (Andriani et al, 2003). The ex-
tent and functionality of cross-talk between fibroblasts and
epithelial cells in the organotypic skin culture model raise
intriguing questions that need to be explored. The fibro-
blasts in this study, however, did not express Ki67, sug-
gesting that the presence of high numbers of fibroblasts
immediately adjacent to the basal layer was not due to in-
creased proliferation. It is reasonable to consider that shh
expression in the overlying keratinocytes provides an in-
ductive signal for fibroblast localization to the epithelial/
mesenchymal interface. This speculation is supported by
the reciprocal inductive interactions of shh and ptc during
hair follicle morphogenesis (Chuong et al, 1996; Chiang
et al, 1999).
Altered epithelial/mesenchymal interactions in the shh
rafts were further evidenced by the ability of the shh ker-
atinocytes to infiltrate the underlying mesenchyme. This
was dependent on activation of the EGF signaling axis. It
has been established that activation of EGF signaling leads
to enhanced motility and invasion (Hudson and McCawley,
1998). This is associated with activation of downstream
EGF mediators, including raf and the AP-1 family of tran-
scription factors, leading to enhanced activity of the MMPs
(Hudson and McCawley, 1998; Angel and Szabowski,
2002). MMPs, although not normally expressed in the skin,
can be induced through cytokine and growth factor signa-
ling, including the EGF pathway (Angel and Szabowski,
2002). HaCaTs, when cocultured in an organotypic system,
express MMP-1 and MMP-13 (Airola and Fusenig, 2001).
Recent studies looking at MMP secretion by HaCaT in a
dermal substitute skin model using live fibroblasts show
secretion of active MMP-9 and MMP-2. MMP-1 and MMP-3
were secreted in their inactive forms, with MMP-3 requiring
the presence of live fibroblasts for its secretion. In fact, the
secretion of the active forms of MMP-2 and MMP-9 in this
Figure 7
AG1478 treatment induces caspase-3
activity. HaCaT Neo (a, d), sonic hedge-
hog (shh) 2.2 (b, e), and shh 1.1 (c, f) rafts
were grown for 2 1/2 wk and treated with-
out (a–c) or with 100 nM AG1478 for 4 d
(d–f). Focal expression of the active form
of caspase-3 is expressed in the shh
2.2 and shh 1.1 untreated rafts (b, c) as
designated by the arrows. Treatment with
AG1478 enhances caspase-3 expression
in vector control and shh rafts (d–f).
Figure 6
AG1478 treatment decreases matrix
metalloproteinase-9 (MMP-9) expres-
sion, whereas epidermal growth factor
(EGF) induces its expression. HaCaT
Neo (a, d, g), sonic hedgehog (shh) 2.2
(b, e, h), and shh 1.1 (c, f, i) rafts were
grown for 2 1/2 wk and treated without
(a–c), with 100 nM AG1478 for 4 d (d–f), or
with 10 ng per mL EGF for 7 d (g–i). Matrix
metalloproteinase-9 is not observed in
HaCaT Neo-untreated rafts (a), but is ex-
pressed in focal areas of untreated shh
2.2 and shh 1.1 rafts (b, c). Treatment with
AG1478 reduced MMP-9 expression in
the shh rafts (e, f). EGF treatment induced
MMP-9 expression in both HaCaT Neo
and shh lines (g–i). Representative areas
of positive staining have been highlighted
by arrows.
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model could contribute to the defects observed in base-
ment membrane formation (Nova et al, 2003).
EGF receptors are expressed throughout all layers of the
epidermis, with predominant expression found in the basal
layer (Nanney et al, 1984). The presence of EGF, or related
family members, is necessary to sustain keratinocyte pro-
liferation in tissue culture (Rheinwald and Green, 1977; Pit-
telkow et al, 1993; Peus et al, 1997). In fact, blockade of the
EGF receptor by either EGF mAB or AG1478 results in rapid
apoptosis (Kari et al, 2003). EGFR knockout mice display
reduced basal rates of keratinocyte proliferation and pre-
mature differentiation, suggesting EGF signaling in the ep-
idermis may regulate differentiation. (Miettinen et al, 1995;
Sibilia and Wagner, 1995; Threadgill et al, 1995). These ob-
servations suggest that activation of the EGF pathway by
shh signaling may account for the induction of a basal cell
phenotype in organotypic raft culture. The failure of AG1478
treatment to inhibit the effects of shh on differentiation may
be due to the fact that the rafts were only treated for 4 d,
whereas a longer course of treatment would have inhibited
stratification and induced significant apoptosis.
Little is understood about the potential cross-talk be-
tween the shh and EGF pathways. In Drosophila, hedgehog
signaling induces vein expression (the Drosophila homolog
to EGF), which is dependent on ci activity (Amin et al, 1999).
It is speculated that the EGF and shh pathways may co-
ordinately regulate hair follicle growth and development. It is
Figure 8
AG1478 treatment does not inhibit
staining of cytokeratin-14. HaCaT Neo
(a, d, g), sonic hedgehog (shh) 2.2 (b, e, h),
and shh 1.1 (c, f, i) rafts were grown for 2
1/2 wk and treated without (a–c), and with
100 nM AG1478 for 4 d (d–f), or with 10 ng
per mL epidermal growth factor for 7 d
(g–i). Shh overexpression induced trans-
epithelial staining of K14 (b, c), which was
not inhibited by AG1478 treatment (e, f).
Epidermal growth factor treatment en-
hanced keratinocyte invasion into the un-
derlying collagen, creating pockets of
fibroblasts that were not immunoreactive
to cytokeratin 14 (g– i).
Figure 9
Inhibition of epidermal growth factor receptor (EGFR) signaling
with AG1478 and C-225 inhibits invasion of sonic hedgehog (shh)
keratinocytes in Matrigel assays. HaCaT Neo, Shh 2.2, and Shh 1.1
were plated at 1  105 cells per insert on matrigel (1:30 dilution) on
Transwell Inserts. The cells were treated without or with 100 nM
AG1478 or 1 mg per mL C-225 for 48 h, fixed, and stained with 0.1%
crystal violet. The cells remaining on the surface of the insert were
removed with a cotton swab. The invaded cells were treated with 10%
acetic acid and the absorbance read on a plate reader at 590 nm. The
experiment was carried out in triplicate and is representative of three
independent experiments. The shh 2.2 and 1.1 clones had significantly
more invaded cells compared with HaCaT Neo (po0.05 for both
clones). C-225 and AG1478 inhibited the ability of the shh cells to
invade (p values o0.05).
Figure10
Treatment of HaCaTsonic hedgehog (shh) keratinocytes enhances
invasion in Matrigel assays. HaCaT Neo, Shh 2.2, and Shh 1.1 ker-
atinocytes were plated at 1  105 cells per insert on Matrigel (1:10
dilution) on Transwell Inserts. The cells were treated without or with 10
ng per mL epidermal growth factor (EGF) for 48 h, fixed, and stained
with 0.1% crystal violet. The invaded cells in EGF-treated inserts were
treated with 10% acetic acid and the absorbance read on a Perkin-
Elmer HTS 7000 bioassay reader at 590 nm. EGF treatment further
enhanced the ability of the shh cells to invade (p¼ 0.027). This exper-
iment was performed in triplicate and is representative of three indi-
vidual experiments.
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known that loss of shh or EGFR in the epidermis disrupts
hair follicle development (Murillas et al, 1995; Chiang et al,
1999). We have provided the first evidence in keratinocytes
that shh is able to activate the EGF pathway. EGFR acti-
vation leads to stimulation of many downstream pathways,
including the ras/raf, PLC/PKC, and PI3K signaling axis.
Recent studies in murine brain capillary endothelial cells
and human umbilical vein endothelial cells (HUVEC) have
shown that shh signaling results in a rapid increase of PI3-
kinase activity and subsequent capillary morphogenesis
(Kanda et al, 2003). It is possible that activation of PI3-
kinase in this system is dependent on increased EGFR
signaling.
The fact that the EGF pathway plays an important role in
the regulation of apoptosis, differentiation, proliferation, mi-
gration, and invasion logically suggests its prominent role in
developing a malignant phenotype (Yarden, 2001). All types
of NMSC are positive for EGFR, erbB2 and erbB3 and dis-
ruption of the EGF receptor inhibits the development of
papillomas and carcinomas (Sibilia et al, 2000; Woodworth
et al, 2000). The mechanisms by which the shh pathway
induces tumorigenesis are unclear. Several direct mecha-
nisms can be postulated such as the induction of prolifer-
ation through activation of cyclinD by gli-1 and regulation of
adhesion through plakoglobin (g-catenin) (Yoon et al, 2002).
Recent studies demonstrate the significance of the shh–
EGF axis in the control of mouse neurocortical cells (Palma
and Ruiz i Altaba, 2004). Our observations suggest that the
shh pathway may further contribute to the malignant phe-
notype through activation of the EGF pathway. It would be
of interest to assess the potential correlation between ex-
pression of shh pathway members and activation of the
EGF pathway in basal cell carcinoma and the possibility that
shh’s ability to activate the EGF pathway is necessary for
the development of BCC.
Evidence from developmental systems would predict
that the shh pathway plays an important role in adhesion,
migration, and invasion (LaBonne and Bronner-Fraser,
1999; Kalcheim, 2000). Recent studies have shown that
shh is able to restrict the adhesion and migration of neural
crest cells independent of changes in the expression of
adhesion molecules (Testaz et al, 2001). Interestingly, the
effect of shh on NCC migration was also independent of
smo and gli. (Testaz et al, 2001). Gli-1 is able to modulate
several genes involved in adhesion, including, osteopontin,
g-catenin, and embigin (Yoon et al, 2002). Together, these
observations suggest that shh may mediate adhesion
through both gli-dependent and -independent mechanisms.
We have provided evidence that the shh pathway may
regulate motility in keratinocytes. Shh overexpression in-
duced invasion in HaCaT cells that was dependent on an
intact EGF signaling axis, in contrast to the inhibition of
motility in neural crest cells. But the response elicited by
shh may be cell-context dependent. Similar to the studies in
NCC, we did not observe any significant changes in ex-
pression patterns of adhesion molecules such as b1-inte-
grin, or E-cadherin. Given our evidence demonstrating
increased invasion of HaCaT shh keratinocytes, it is rea-
sonable to speculate that the shh pathway may play an
important role in keratinocyte adhesion and motility during
wound healing.
These studies emphasize the importance of shh in ep-
idermal homeostasis. Furthermore, they suggest an alter-
native mechanism by which the shh pathway may control
the development of the malignant phenotype by regulation
of EGF signaling. These observations are important not only
with respect to tumorigenesis but may also be relevant to
embryonic development. It will be of interest to assess the
mechanisms by which the shh pathway regulates EGF
signaling and the extent of cross-talk between shh and
other signaling pathways.
Materials and Methods
Vector constructs Shh cDNA was inserted into the EcoRI site of
the Bill Neo Vector under the control of the LTR.
Transfection and cell culture Stable HaCaT cell lines expressing
shh were made using Lipofectamine (Invitrogen, Grand Island, New
York), according to the manufacturer’s protocol and maintained in
400 mg per mL G418 containing media.
RT-PCR RNA was extracted using Trizol (Invitrogen) according to
the manufacturer’s protocol. Two micrograms of RNA was treated
with DNaseI at room temperature for 15 min and heat inactivated
for 15 min at 651C. The RT reaction was performed with the Su-
perscript RT kit (Invitrogen) according to the manufacturer’s pro-
tocol. A no RT control reaction was also performed. Primer
sequences available on request.
Raft culture Raft culture involves the growth of keratinocytes
(HaCaT) on top of a dermal equivalent of collagen and fibroblasts.
Fibroblasts (NIH3T3), 4.5  105 cells per mL, were added to col-
lagen with 10  DMEM and plated in 24-well culture plates. The
collagen was allowed to solidify at 371C for half an hour and media
(DMEM, 10% fetal bovine serum, penicillin/streptomycin) were
then added. The collagen matrices were maintained at 371C, 5.0%
CO2 for approximately 48 h to allow the gel to contract at which
time, keratinocytes (3.5  105) were added to the surface. The
keratinocytes were allowed to form a monolayer and after 48–72 h
were raised to the air/liquid interface on metal grids. The rafts were
cultured for approximately two to three weeks, after which time
they were removed and fixed in 10% formalin, processed, and
embedded in paraffin.
For some studies raft cultures with HaCaT shh cells were grown
on dermal cells and treated with 100 nM of the EGF inhibitor,
AG1478 (Sigma, St Louis, Missouri), for 4 d or 10 ng per mL of
recombinant EGF protein (Sigma) for 7 d.
Tissue processing and immunohistochemistry Prior to
processing for light microscopy, the raft cultures were fixed in
10% formalin for 4 h and washed twice with 1  PBS followed by
routine processing for paraffin embedment.
Immunohistochemistry was used to evaluate the impact of shh
and egf on raft cultures. The primary antibodies used in these
studies were: Cytokeratin K1- 1:300 (Novocastra Laboratories,
Newcastle Upon Tyne, UK), cytokeratin K14- 1:2000 (Research Di-
agnostics, Flanders, New Jersey), Ki67- 1:50 (Dako, Carpinteria,
California), mmp-9- 1:75 (R&D Systems, Minneapolis, Minnesota),
EGFR- 1:1000 (Zymed Laboratories, San Francisco, California), and
activated caspase-3- 1:3000 (R&D Systems) using standard DAB
techniques. Sections were rehydrated in a series of graded ethanol
washes to water. The immunostaining was revealed using Dako
Envision polymer labeled antibody (Dako) as per the manufacturer’s
protocols. Slides were counterstained with hematoxylin.
SDS/PAGE Protein lysates of organotypic raft cultures were made
with RIPA buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDSþComplete Mini Protease
Inhibitor tablets (Roche, Indianapolis, Indiana) and 50 mM NaF,
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0.2 mM Na orthovanadate and freeze/thawing them in liquid nitro-
gen. The following primary antibodies were used: phospho-raf, and
phospho-EGFR (Cell Signaling Technologies, Beverly, Massachu-
setts), c-jun (Geneka Biotech, Montreal, Quebec, Canada).
Invasion assay Matrigel (Becton Dickinson, Franklin Lakes, New
Jersey) invasion assays were performed by coating 24-well Costar
(Corning, Acton, Massachusetts) transwell inserts with 100 mL of
Matrigel diluted 1:10 in serum-free DMEM for EGF studies, and di-
luted 1:30 for AG1478 (Sigma) and C-225 (Oncogene, Cambridge,
Massachusetts) studies. The plates were incubated at 371C for 2 h to
allow the Matrigel to solidify. The Matrigel was rehydrated with 100 mL
serum-free DMEM for 1 h and media with or without 10 ng per mL
EGF (Sigma), 100 nM AG1478 (Sigma), or 1 mg per mL C-225 were
added to the culture wells. 1  105 cells were added to each insert
and incubated for 48 h. The cells were fixed for 15 min with 10%
formaldehyde and the cells on the upper side of the insert were re-
moved with a cotton swab. The cells on the underside of the mem-
brane were stained with 0.1% crystal violet and scanned. The number
of invaded cells was quantitated after lysing the cells with 10% acetic
acid for 15 min and reading the absorbance at 590 nm or counting
seven fields using an inverted microscope.
MTT assay HaCaT vector control and shh keratinocytes were plat-
ed at 1  106 cells per well in a two-well plate. The cells were grown
for 3 d  AG1478. The media were aspirated out, 100 mL of 1 mg
per mLMTT (Sigma) was added to 900 mL DMEM, and incubated for
2 h at 371C. The media were removed, the cells lysed in 1 mL 1:1
DMSO/ethanol for 10 min, and the absorbance measures using a
Perkin-Elmer (Wellesley, Massachusetts) HTS 7000 bioassay reader
at 590 nm. The IC50 values were calculated by plotting the absorb-
ance readings for each concentration of AG1478 and the cor-
responding trend lines. The following equations were used to
determine the IC50 for each cell line: HaCaT Neo: y¼ 0.8398e1.397x,
shh 2.2: y¼ 0.9593e0.8676x, shh 1.1: y¼ 0.9226e 0.9881x.
Statistical analysis All data represent a minimum of three sep-
arate experiments performed in triplicate. A standardized t test was
used and p values were generated to establish the significance
level of the data and comparisons between groups.
These studies were supported by NIH grants U01 CA105491 and U01
CA83701. R. L. H. B. was supported by an NIH predoctoral fellowship
(NIH T32 CA67759). M. D. was supported by the Fondation pour la
Recherche Medicale.
Supplementary Material
The following material is available from http://www.blackwellpublishing.
com/products/journals/suppmat/JID/JID23590/JID23590sm.htm
Figure S1
Quantiﬁcation of immunohistochemical staining of raft culture.
Over a thousand cells were counted in at least ten different ﬁelds from
three separate raft experiments. Sections were stained for the respec-
tive antibodies. Percent positive cells were counted against total cells
and p values calculated and were found to be po0.05. (a) EGF-treated
raft cultures show increased staining for Ki67 compared with untreated
controls. After treatment with the tryphostin AG1478, there is a signif-
icant decrease in cell proliferation as seen by reduced Ki67 staining. (b)
Raft cultures treated with AG1478, show an enhanced rate of apoptosis
as evidenced by the increased staining for active caspase-3. (c) The
HaCaT clones grown in organotypic culture, when treated with EGF
show increased inﬁltration as evidenced by an increased MMP-9 ex-
pression. On treating with the tryphostin AG1478 the staining patterns
for MMP-9 are similar to the untreated controls.
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